Abstract In this paper we describe an alternative flow-chart for full treatment of wastewaters rich in organic substrates, ammonia (or organic nitrogen), and sulfate, such as those generated in fish cannery industries. Biogas generated during anaerobic pretreatment of these wastewaters is rich in hydrogen sulfide that needs to be removed to enable application of the biogas. Nitrogen elimination is traditionally achieved by subsequent nitrification and denitrification of the effluent of the anaerobic reactor. Alternatively, the hydrogen sulfide in the biogas can be applied as an electron donor in an autotrophic post-denitrification step. In order to study whether sufficient hydrogen sulfide containing biogas for denitrification was produced in the anaerobic reactor, the biogas composition as a function of the anaerobic reactor-pH was estimated based on a typical wastewater composition and chemical equilibrium equations. It is demonstrated that typical sulfate and nitrogen concentrations in fish cannery wastewater are highly appropriate for application of autotrophic post-denitrification. A literature review furthermore suggested that the kinetic parameters for autotrophic denitrification by Thiobacillus denitrificans represent no bottleneck for its application. Initial experimental studies in fixed-film reactors were conducted with sodium sulfide and nitrate as an electron donor-acceptor couple. The results revealed that only moderate volumetric treatment capacities (< 1 g-NO 3 -N l -1 day -1 ) could be achieved. Mass balances suggested that incomplete sulfide oxidation to elemental sulfur occurred, limiting biomass retention and the treatment capacity of the reactor. Future research should clarify the questions concerning product formation from sulfide oxidation.
Introduction
Wastewater generated by fish processing industries (Fish Cannery, FC-wastewater) is characterized by high concentrations of biodegradable organic matter (10-40 g Chemical Oxygen Demand COD per litre) and organic and ammonium nitrogen (0.2-1.0 g-N l -1 ). As a result of the utilization of seawater, the generated wastewater furthermore contains a high salt concentration, including a high concentration sulfate (0.3-1.0 g-S l -1 ). Treatment objectives for this wastewater within the context of the European legislation are aimed at full elimination of organic matter and nitrogen from the wastewater. Since the treated effluents are usually discharged into the sea, the sulfur is preferably discharged in unchanged oxidation state, as sulfate.
The widely applied first step for the treatment of FC-wastewater is an anaerobic bioreactor for elimination of the bulk-COD load. Anaerobic treatment is an attractive first step due to the high concentration of organic matter in the wastewater and the production of biogas that can be used as fuel in the boilers. However, as a result of the high concentration of sulfate in the wastewater, a significant fraction of the organic matter is degraded with sulfate as electron acceptor, resulting in the accumulation of hydrogen sulfide in the biogas. In the work described here we studied whether hydrogen sulfide from the biogas may function as electron donor for elimination of nitrate in a post-denitrification step. The suggested flow-chart for this process scheme is outlined in Figure 1 . Specific advantages of this setup over the traditional treatment scheme that include subsequently an anaerobic reactor, a denitrification reactor, and a nitrification reactor, are:
• removal of sulfide from the biogas is required for its utilization for energy generation, and no competition for electron donor with methane is expected to occur since methane has been reported to be a poor electron donor for the denitrification process; • post-denitrification does not require a (large) recycle flow from the nitrification reactor to the denitrification reactor; • denitrification with sulfide as electron donor is an autotrophic process, suggesting significantly lower biomass yields when compared to heterotrophic denitrification; • operational advantages, as it is not necessary to overload the anaerobic bioreactor in order to obtain sufficient organic material for heterotrophic denitrification, and the absence of the (variable) recirculation flows. Specific objectives of the work described in this paper were: (i) to determine if sufficient sulfide containing biogas is generated to enable full nitrogen removal, (ii) to obtain approximate kinetic parameter values for autotrophic denitrification with sulfide-nitrate as electron donor-acceptor couple, and (iii) to study experimentally the feasibility of the process in fixed-film type reactors.
Materials and methods
Calculation of the biogas composition of the methanogenic/sulfidogenic bioreactor as a function of the wastewater composition and the pH. Thermodynamic equilibrium calculations were conducted using a database-based mathematical model for calculation of chemical speciation in bioreactors (Kleerebezem and Lettinga, 2000) . The model allows for definition of the mass balances of importance and the (microbial) electron transfer reactions (conversions) occurring in the reactor. Subsequently, the actual values of the mass balances in the reactor are calculated from the conversions defined, and the thermodynamic equilibrium system is solved. Henry coefficients, acid-base, and complexation constants were obtained from various sources (Buffle, 1988; Hanselmann, 1991; Stumm and Morgan, 1996) . Thiobacillus denitrificans was studied according to the method developed by Heijnen (Heijnen et al., 1992) . Electron donor, electron acceptor and anabolic reactions as shown in Table 1 were considered. Identification of the electron donor and acceptors applied in the various studies on autotrophic denitrification and the measured values for the (maximum) biomass yields allows for estimation of the free energy dissipation per mole biomass formed (1/Y GX ). This value allows for estimation of the maximum biomass yield for the actual electron donor/acceptor couple studied.
Experiments in a fixed film reactor. For the fixed film reactor studies a glass reactor with a working volume of 1 l. was used. Polyurethane particles (l × h × d 1 × 1 × 1 cm.) were used as colonization matrix for the biomass. The reactor was seeded with effluent from a gas lift reactor treating a sulfide-nitrate mixture as well. Effluent was recycled in order to maintain a liquid upflow velocity in the reactor of 5 m hr -1 . Thus clogging of the packing material could be effectively avoided. Carbon dioxide produced was removed from the biogas by means of washing the gas with a 5% soda solution. Biogas leaving the washing bottle was quantified by means of a Mariotte bottle. The reactor was operated at 30°C by means of a thermostat bath circulator connected to the water jacket around the reactor. The reactor-pH was controlled at 7.0-7.3 through adjustment of the sodium bicarbonate concentration in the influent.
Influent. The reactor was fed with a nitric acid solution and a mixture of sodium bicarbonate and (hydrated) sodium sulfide from separate 20 l. containers. Nutrients were dissolved in the nitric acid solution and contained (in mmol per litre influent) NH 4 Cl (2.5), KH 2 PO 4 (1.0), and trace elements. Throughout the experimental period nitrate was dosed in excess to the amount required for full oxidation of sulfide to sulfate.
Analysis. Nitrite, nitrate, and sulfate concentrations were measured by capillary electrophoresis. Volatile solids and pH were measured according to the standard methods (APHA, 1995) . The liquid concentration sulfide was determined colorimetrically using the method developed by Trüper and Schlegel (1964) .
Results and discussion
Kinetics of autotrophic denitrification with sulfide-nitrate as electron donor-acceptor couple. The kinetic properties of autotrophic denitrification have mainly been studied with thiosulfate, elemental sulfur or tetrathionate as electron donor (resp. Ed3, Ed4, and Ed5 in Table 1 ). No specific kinetic data were found in the literature for the sulfide-nitrate couple studied here. We used the "energy dissipation" method developed by Heijnen for analysis of biomass yield values reported in the literature. Energy dissipation values were calculated from biomass yield values reported in the literature (Batchelor and Lawrence, 1978; Claus and Kutzner, 1985; Justin and Kelly, 1978; Kim and Son, 2000; Oh et al., 2000; Trouve and Chazal, 1999; Yamamoto-Ikemoto et al., 2000; Zhang and Lampe, 1999) . However, no constant energy dissipation per C-mole biomass formed was found (1/Y G/X = 1496 ± 615 kJ C-mol biomass -1 ). A significantly more constant value was found for the free energy dissipation value per electron transferred in the catabolic reaction (1/Y Ge = 71 ± 8 kJ e-mol Ed -1 , see Figure 3 ). From the correlation found, the biomass yield-values (Y X/Ed ) for denitrification with sulfide to either sulfate (Ed2) or elemental sulfur (Ed1) were estimated to amount -0.34 and -0.07 C-mol mol S -1 , or approximately -0.04 C-mol X e-mol -1 . These values result in the following stoichiometric equations for autotrophic denitrification with sulfide as electron donor: Since the biomass yield for heterotrophic denitrification amounts to approximately -0.10 C-mol X e-mol Ed -1 , it is suggested that through application of autotrophic denitrification a two-to three-fold reduction in the sludge production can be achieved. For analysis of the specific substrate uptake rate (q S , mol S C-mol X -1 hr -1 ) data reported in the literature it was assumed that the rate of electron transfer in T. denitrificans is independent of both the actual electron donor and acceptor applied in the autotrophic denitrification process. As suggested, a relatively constant maximum electron transfer rate (q e max ) of 1.5 ± 0.3 e-mol C-mol X -1 hr -1 was estimated with either S, S 2 O 3 2-, or S 4 O 6 2-as electron donor, and NO 3 -or NO 2 -as electron acceptor at 25 to 30°C (Claus and Kutzner, 1985; Justin and Kelly, 1978; Kim and Son, 2000; Oh et al., 2000; Trouve and Chazal, 1999; Yamamoto-Ikemoto et al., 2000; Zhang and Lampe, 1999) . This value for q e max is in the same order of magnitude as the values reported for heterotrophic denitrification.
Substrate affinity constants reported in the literature for both electron donor and acceptor in autotrophic denitrification, are low to very low (0.01 to 1 mM). In summary, it is suggested that the kinetic properties of the autotrophic denitrification process represent no bottleneck for its application. Mass balances and chemical equilibria. For quantitative analysis of the feasibility of the flow chart proposed in the introduction section, a mathematical model based on thermodynamic equilibria was developed. The objective of the modeling work was to determine whether, and at which pH, sufficient sulfide containing biogas would be generated to enable full nitrate elimination in the denitrification reactor. Using the model, the composition of the biogas formed in the anaerobic bioreactor was calculated as a function of estimated values for the influent concentrations COD (10 g l -1 ) and sulfate (2 g-SO4-S l -1 ) and the COD/TOC ratio (3 g g -1 ) . Results of the calculations are presented in Figure 4 . Full conversion of the organic material was assumed and incorporation of substrates into biomass was neglected.
Relating the sulfide concentrations in the biogas to the influent COD-concentration and ammonium nitrogen allowed us to conclude that if the anaerobic reactor is operated at pH-values smaller or equal to 7.0 the biogas contains sufficient sulfide to obtain full postdenitrification. If insufficient hydrogen sulfide containing biogas is generated in the anaerobic reactor it is suggested to: (i) aim for partial ammonium oxidation to nitrite instead of nitrate (Garrido et al., 1997) , or (ii) to improve the stripping efficiency for hydrogen sulfide from the anaerobic bioreactor through recirculation of washed biogas from the gas washer to the anaerobic reactor.
Experimental studies. The initial 20 days of the experimental period of 60 days can be regarded as the start-up period. During this period the volumetric loading rate of the reactor was gradually increased from 0.3 to 3 g-S l -1 day -1 (Figure 5 ). Increased loading rates were achieved by increasing the influent S concentration from approximately 60 to 500 mg-S l -1 , and reducing the hydraulic retention time from 10 to 3 h. The sulfur mass balance over the reactor (Figure 6a) shows that during this period approximately 80% of the influent-sulfide was recovered as sulfate.
From day 20 the sulfide loading rate was further increased from 3 to 4 g-S l -1 day -1 , but this did not result in a further increase of the effluent sulfate concentrations, suggesting that the maximum sulfate production capacity was more or less reached. The sulfur balance (Figure 6a ) furthermore indicates that unknown sulfur products accumulated in the reactor Figure 6 Sulfur (left graph, 6a) and nitrogen (right graph, 6b) mass balances over the fixed film reactor day -1 (data not shown). During this period sulfur-based mass balances showed significantly higher effluent concentrations than influent concentrations. Electron-based balances could furthermore be closed during the period between days 20 and 60 by assuming that all sulfide removed, but not recovered as sulfate, was converted to elemental sulfur. These balances furthermore showed that after day 60, nitrate consumption was much higher as could be explained by sulfate formation. These observations suggest that elemental sulfur had accumulated in the reactor during the period between days 20 and 60, and was subsequently oxidized to sulfate from day 60 at lower sulfide loading rates. This shows that even if sufficient nitrate is present for full sulfide oxidation to sulfate, elemental sulfur accumulation may occur during periods of elevated loading. The accumulation of elemental sulfur may give rise to a decreased efficiency in biomass retention in the reactor, explaining the sulfide accumulation in the reactor effluent from day 40-60.
Conclusions
From this work we conclude that from a mass balance point of view the biogas generated during anaerobic pretreatment of FC-wastewater will normally contain sufficient hydrogen sulfide to drive the denitrification process. Furthermore, analysis of kinetic parameters from the literature did not reveal clear limitations of the applicability of the process. Initial experimental studies indicated that denitrification with sulfide as electron donor can be conducted at moderate rates in fixed film bioreactors. High-rate bioreactor operation could not be achieved due to the accumulation of elemental sulfur in the reactor. Future work will be focussed on detailed kinetic characterization of the process and product formation during anoxic oxidation of sulfide. These steps are required to gain more insight in the microbial aspects of the process and to enable process optimization.
